We show how CP violating B meson oscillations in conjunction with baryon number violating decays can generate the cosmological asymmetry between matter and anti-matter, and explore the parameter space of a simple, self-contained model, which can be tested via exotic B meson decays, and via the charge asymmetry in semi-leptonic decays of neutral B mesons.
I. INTRODUCTION
Baryogenesis-generating the cosmological asymmetry between matter and anti-matter-requires physics beyond the Standard Model (SM). The pioneering work of Sakharov [1] found three necessary conditions: baryon number violation, C and CP violation, and departure from thermal equilibrium. Baryon number violation occurs non-perturbatively in the Standard Model [2] . CP violation also occurs, however the standard model CP violation appears to be too small to explain the observed baryon asymmetry. Finally, the minimal Standard Model contains no mechanism for departure from thermal equilibrium.
Recent work [3, 4] has shown the possibility for low energy baryogenesis via the oscillations of neutral hadrons, in conjunction with new sources of CP and baryon number violation. In ref. [4] , the oscillating hadrons were mesinos-bound states of a quark and an anti-squark.In that work a relatively long-lived squark decayed into antiquarks via baryon number violating R-parity violating decays. A minimal model to capture this physics was studied in detail-that model contained three neutral Majorana fermions ('neutralinos') and a color triplet scalar ('squark'). The same model, in a different parameter region with lighter neutralinos, was shown to lead to baryogenesis via potentially observable baryon and CP violating neutral heavy flavor baryon oscillations [3, 5] . A similar model, in which baryon number is conserved but also carried by dark matter, was shown to be capable of producing both the visible matter-anti-matter asymmetry and asymmetric dark matter [6] via B-meson decays. In the present work, we reexamine the simpler model of ref. [4] , and show that for a different parameter range baryon number violating decays of B 0 mesons are allowed by experiment, potentially observable, and potentially responsible for baryogenesis.
The baryogenesis scenario described here begins in the pre-nucleosynthesis early universe with the decays of a long lived scalar into b−quarks and anti-quarks. These decays are assumed to take place late enough and at low enough temperature to allow hadronization. Most of the b−quarks form B 0 s and B 0 mesons. The neutral B mesons then oscillate and decay, sometimes to baryons or anti-baryons, resulting in the observed asymmetry.
Our model is similar to the one used in ref. [5] to produce the baryon asymmetry through oscillations of baryons [3, 4] , although even simpler. It is worth noting that even though we use a similar model, the parameter space is different and we are less constrained from dinucleon decay. The mechanism we describe is similar to the one found in a slightly more elaborate model [6] , which could generate a dark matter relic along with baryon number. In the current work we have no dark matter sector. We assume that whatever the dark matter is, it is very weakly coupled and has no effect on baryogenesis. It would be a straightforward matter to include, for instance, axion dark matter. Note that the presence of a late decaying heavy particle can have an effect on the allowed axion parameter range and substructure [7] . This paper is organized as following: In section II we give an overview of B meson physics and how it could be related to baryogenesis. A more detailed description of the model and phenomenology is given in section III. In section IV we show that the baryon asymmetry may be produced with parameters which are allowed by experiment. In section V we conclude and sketch ideas for future work.
II. CHARGE ASYMMETRY IN OSCILLATING B-MESONS AND SIGN OF THE MATTER-ANTI-MATTER ASYMMETRY
We briefly review the physics of neutral B−meson oscillations and describe how new physics in the decays and mixing can lead to baryogenesis. The oscillations are described by an effective 2 state Hamiltonian:
Here M and Γ are respectively the dispersive part and the absorptive part of the transition amplitude. The CP violating phase arg(Γ 12 /M 12 ) is reparameterization invariant and observable in the semi-leptonic charge asymmetry of neutral meson decays. This phase is crucial for our baryogenesis mechanism, as it determines whether there are more b quarks or b anti-quarks at the time of decay. With an asymmetry between b quarks and anti-quarks, the baryon number violating decays of the b quark into two lighter anti-quarks and a Majorana fermion, or the b anti-quark into two quarks and a Majorana fermion can produce the observed matter anti-matter asymmetry. In order for baryon number violating decays to produce more matter than anti-matter, there must be more b − anti − quarks at the time of decay. Because the semileptonic decays of b − anti − quarks produce positively charged leptons, this baryogenesis mechanism requires a positive charge asymmetry in either B 0 or B s meson oscillations, or both. The magnitude of Γ 12 and M 12 are measured precisely and are in good agreement with the Standard Model in both neutral meson systems. In the Standard Model, the phase arg(Γ 12 /M 12 ) is predicted to be very small for both the B 0 and the B s due to the unitarity of the CKM matrix and the relatively small mass of the charm quark. Experimentally, the charge asymmetry has not yet been distinguished from zero in either system. The prediction in the standard model is that the charge asymmetry is negative for the B 0 and positive but very small for the B s . Our detailed analysis will show that because more b quarks fragment into B 0 mesons than B s mesons, and because of the small size of the standard model asymmetry in B s mesons, new physics in the the mixing amplitude is needed for baryogenesis from B mesons. New physics which makes a small contribution to M 12 and is consistent with experimental constraints can have a significant effect on the phase arg(Γ 12 /M 12 ) in either system, potentially large enough to produce the observed baryon number of the universe.
III. NEW PHENOMENOLOGY FROM OUR MODEL
A minimal renormalizable model for this baryogenesis mechanism contains three new particles: One Majorana fermion, χ, in the mass range 2-3 GeV, one new charge -1/3 color triplet scalar φ, with mass in the range 500 GeV to 3.4TeV, and a very weakly coupled particle, Φ, which decays out of equilibrium into b-quarks and antiquarks. The upper bound of φ mass is from the need for large enough branching ratio of exotic B meson decay, which will be explained later. Φ might be the inflaton or a string modulus. As Φ is very weakly coupled it is not experimentally accessible. Detailed computation shows that we need the mass of Φ to be between 11 GeV and about a hundred GeV. We note that it is to be expected that a scalar in this mass range would mainly decay into b-quarks. The simplest way to achieve this goal is coupling Φ to Higgs boson with a small coulping constant g :∆L = gΦH † H. The Vacuum Expectation Value (VEV) of Higgs boson would naturally give rise to gvΦh, which results in a decay channel to b-quarks. The neutral Majorana fermion χ and color triplet φ will interact with SU(2) singlet quarks through the following terms:
where i and j are flavor indices which run over the three generations of up-and down-type quarks.
The Majorana fermion χ is neutral and its mass should be greater than the mass difference between proton and electron, m p − m e = 937.75MeV, otherwise this model will give rise to proton decay [3] . The mass of χ will be taken to be 2-3 GeV in this paper. Mediated by φ, the Majorana fermion χ could decay to three quarks. The lifetime must be less than 0.1s to avoid spoiling successful BBN [8] . This requires that g ij y j ′ (5GeV/m χ ) 5 (m φ /350TeV) 2 [5] , with i = u or c and j, j ′ = d or s.
The colored scalar φ will either decay to anti-quark pairs or into χ plus a quark, and could appear in searches for dijet resonances and jets and missing energy. The mass of φ should be at least about 500 GeV to pass collider constraints [9] . There will also be many constraints from nucleon oscillations and di-nucleon decays [5] , which give us upper bounds on various flavor combinations of the g ij and y j couplings. The strongest bounds, which are on combinations of couplings that allow dinucleon decays [5] , requires that g ij y j ′ (m φ /34TeV) 2 for m χ = 2GeV, which are consistent with a cosmologically acceptable χ lifetime if the mass of χ is greater than 2GeV. The upper bound of χ mass comes from branching ratio of exotic B meson decay, which will be discussed in the following subsection III A. The mass and lifetime are mainly constrained by colliders and cosmological obeservations, which will be discussed in more detail. φ will decay rapidly to anti-quark pairs or χ plus a quark through treelevel couplings.
Long-lived but unstable particles like Φ and χ are extremely hard to detect because the coupling constant is too small, which appears as missing energy in colliders. But the χ particle is produced in b-quark decays and will eventually decay to SM particles, which gives us a chance to detect it [10, 11] .
This model naturally gives us the decay channel we want for baryogenesis, which allows B mesons to decay into baryons. It can also modify the phase arg(Γ 12 /M 12 ) through box diagrams involving the y d couplings.
A. Exotic B Meson Decays
There are potentially observable consequences for B meson physics. First, there will be a new decay channel for B mesons, which violates baryon number. The Feynman diagram for this decay process is shown in Fig.1 . The Majorana fermion is unstable but the lifetime is relatively long. It will be present as missing energy in most collider searches. Searches for long lived particles, e.g. using a MATHUSLA-like detector, have a chance to find it [10] .
Non-relativistic effective field theories are applied to estimate the new contribution to decay rate. There are two circumstances: p T ≫ Λ QCD , p T ≪ Λ QCD . The transfer momentum p T is determined by the mass of χ and most likely it will be much greater than Λ QCD .
When p T ≪ Λ QCD , the Feynman diagram of the decay generates the following effective interaction term:
where B represents B mesons, N is a nucleon, y b is the same as y 3 d in equation 2, g us ≡ g 12 ud and χ is the Majorana fermion. The decay rate given by this term would be:
The matrix element B|χq ′ q ′ q ′ q ′ q|N, χ , which accounts for non-perturbative effects, could be estimated as
The decay rate could be estimated as:
where ∆m is the mass splitting between χ and bottom quark. The mass splitting must be small when transfer momentum is small, which makes it hard to give us a considerable branching ratio for this exotic B meson decay.
When p T ≫ Λ QCD , the decay could be approximated as perturbative QCD process. The effective interaction term is:
In this case, the decay rate could be written as [5] :
where ∆m is the mass splitting between χ and bottom quark. y b is not restricted much by colliders because the only constraint comes from heavy baryon oscillations, which are not so strong for B baryons. Therefore this new model introduces new decay channel for B mesons, which violates baryon number and could give rise to baryogenesis. Both B 0 and B + could possibly decay to a baryon with other particles, which could be examined from Bfactories.
To produce the expected baryon number, the branching ratio Br B→B roughly has a range of Br B→B ∼ 10 −4 − 10 −1 (We will show this in the section IV). From the decay rate we've estimated, the branching ratio is:
The mass of φ should be at least 500 GeV to pass collider constraints, as we have discussed. The branching ratio has to be greater than 10 −4 to generate baryon number efficiently, which imposes an upper bound m φ 3.4TeV by assuming ∆m ∼ 2GeV, y b g us ∼ 1.
The constraints for branching ratio itself, however, has not been studied yet. The constraints for y b g us from di-nucleon decay are not significant compared with constraints from resonant production of a single particle φ, which gives us [12] [13] [14] :
This allows us to have a branching ratio around 10 −3 , which is large enough to generate the expected baryon number.
In our model, baryogenesis can result from baryon number violation in B meson decay. The baryon number will be proportional to the corresponding CP violating phase. In the SM the CP violating phase in B 0 -B 0 mixing is determined by the CKM matrix. Our new model could also contributes to B 0 -B 0 . As |M 12 | is measured with high precision and agrees well with SM predictions, the new contribution should be much smaller than the standard box diagram. It generically will have a different phase. Because the CP violating phase is small, the width difference ∆Γ q and ∆m q may be used to estimate the magnitude of Γ 12 , M 12 , with ∆Γ q = 2|Γ 12 | and ∆m q = 2|M 12 |, where the subscript q represents arbitrary quarks. ∆m q is well measured [15] [16] [17] : ∆m d = 0.5064±0.0019ps −1 , ∆m s = 17.757±0.021ps −1 (10) The decay width difference ∆Γ s is given by [18] :
∆Γ d is not well measured because ∆Γ d /Γ d is too small and the uncertainties are relatively very large. However, in the approximation of negligible CP violation in mixing, the ratio ∆Γ q /∆m q is equal to the small quantity |Γ 12 /M 12 |, which is independent of CKM matrix elements and could be used to determine ∆Γ d :
The CP asymmetry in semileptonic B decays is defined as:
where X stands for any other particles produced in this inclusive process. This asymmetry would be determined by the relative phase between the absorptive and dispersive parts of the transition amplitude (For calculations of transition amplitude in Standard Model, see [19] [20] [21] ), A SL = ImΓ 12 /M 12 . The experimental searches for A SL , the CP asymmetry in semileptonic B decay have been measured to be [22] [23] [24] :
where the first uncertainty is statistical and the second systematic. The SM predictions for A SL of both B 0 s and B 0 d are very small [18, 25] :
Though the CP asymmetry is measured with high precision, there is still room for new physics which could even change the sign and magnitude of A SL .
The second term of the Lagrangian, will directly result in an extra contribution to B 0 -B 0 transition amplitude, which can be seen from the box Feynman diagram 2: The dispersive part will be given by the exchange of offshell particles, while the absorptive part of transition amplitude will be given by the exchange of on-shell particles. Since φ is heavy, there will not be any absorptive contribution from the new diagrams as long as the mass of χ is greater than half of B meson mass. For our purpose, we only need to affect the small phase arg(Γ 12 /M 12 ), which does not require any new contribution to Γ 12 . Any contribution to M 12 from new physics which is not aligned with the CKM phase could easily achieve this goal. The extra transition amplitude would be given by (see Appendix for detailed calculation):
where f B is the decay constant of B mesons, m B is B meson mass and B B is a bag parameter, which is order one. The subscript in y * d still represents the down type quark.
It is worth noting that the y i d are the only coupling constants from the new model that affect transition amplitude. However, the constraints for the parameters from dinucleon decay and heavy flavor baryon oscillations only set a upper bound for combinations of g ij ud y k d . From another point of view, the magnitude of transition amplitude is measured with high precision, which agrees with SM predictions roughly and that imposes constraints on y d :
There is no other constraints for (y b y * d ) 2 and (y b y * s ) 2 because B meson transition amplitude is the only observable related to them, therefore a small y i b will not cause problem in our model. Noting that (y b y * s ) 2 is generally a complex number, if it has large phase difference with transition amplitude from SM predictions, this term could give rise to positive value of semileptonic asymmetry.
IV. COSMOLOGICAL PRODUCTION OF THE BARYON ASYMMETRY
The massive particles, Φ, which mainly decay out of equilibrium to b-b quarks, are crucial to produce the baryon asymmetry. Since the mass of Φ is much greater than the mass of b quarks, b quarks are relativistic and can be considered as radiation at the beginning of reheating. Afterwards it will hadronize and become nonrelativistic particles. Since b quarks will finally decay into other lighter particles like photons, the rest of the universe can be still considered as radiation even if B mesons or B baryons may shortly exist. It is assumed that the radiation produced by Φ decay thermalize immediately after production because the lifetime of Φ is relatively very long and there is enough time for thermalization. Therefore, the evolution of the energy density of radiation and Φ could be described by the following equations:
where ρ Φ is the energy density of Φ , ρ r is the energy density of radiation, and Γ Φ is the decay rate of Φ. The energy density of ρ r could directly determine the temperature of the radiation through:
where g * (T ) is the effective number of degrees of freedom. The Hubble parameter is given by:
where M pl = 1.22 × 10 19 GeV is the Planck mass. Solving these equations numerically we can obtain the thermal history of the early universe during the early matter dominated era.
When the temperature is below a scale of order Λ QCD ∼ 200 MeV, the quarks will hadronize. The b quarks produced by Φ decay will mainly form B d , B ± and B s mesons. The fragmentation ratio of b-quarks to B 0 d , B ± and B 0 s is taken to be 4:4:1, which is roughly consistent with observation in Z decays and p −p collisions [26] (Note that the ratio is production-mode dependent with a slightly higher ratio of B s mesons produced in p −p). The charged B mesons play no significant role in baryogenesis, while the neutral B mesons, as described in Sec. III, will undergo flavor changing oscillations, and also sometimes decay into baryons and anti-baryons, as shown in FIG. 1. Since B 0 d and B 0 d oscillate coherently while also potentially undergoing decoherence from scattering, a density matrix treatment is necessary for treatment of these states in the corresponding Boltzmann equations. Accounting for the interaction with plasma and the annihilation between B 0 d and B 0 d , the Boltzmann equations are [27] [28] [29] :
where the last term describes B 0 d and B 0 d production during the decay of Φ.
Here Br Φ→B is the branching ratio for Φ → B + X, which is assumed to be one because Φ mainly decays to b quarks and b quarks mainly hadronize to light B mesons B 0 d and B 0 s . This is actually the very reason that we need B meson oscillations to explain baryogenesis from the theoretical point of view. In this equation n andn are density matrices,
and n eq is the equilibrium density of B mesons plus anti B mesons. H is the Hamiltonian for B − B mixing, see in Eq. (1) . σv ± are thermally-averaged annihilation cross section for B meson and anti B mesons, and Γ ± are the scattering rates between B mesons and charged particles in the plasma. It turns out the annihilation is negligible for B mesons, while the scattering would be important because there is a charge distribution of B mesons, which gives rise to nonzero magnetic moment and interact strongly with charged particles in plasma. O ± is a matrix
The subscript ± is determined by the behavior of effective Lagrangian that gives rise to the interaction under charge conjugation of B mesons, B ↔B, L eff ↔ ±L eff . Interactions that do not change sign are called flavor-blind interactions while those that change are flavor-sensitive interactions. For the concern of this work, the only interaction that is important to us has the following form for effective Hamiltonian:
where µ is the magnetic moment. Under B ↔B this term will change sign. Therefore the scattering appears with O − in the Boltzmann equation. It will be convenient to work with the following notations: [26] . Considering the flavor-sensitive interaction only, we can write the Boltzmann equations as:
where Γ B is the decay rate of B mesons, M 12 , Γ 12 are the off-diagonal terms of Hamiltonian described in Eq.(1). From these equations we can see coherent oscillations will cause transition Π → ∆, which will produce B meson asymmetry and thus baryon asymmetry as long as B mesons will decay to baryons. Flavor-sensitive scattering will suppress this process.
The scattering rate could be estimated as [6] :
When T is below 0.01 GeV, the scattering rate is small and the decoherence caused by scattering is no longer significant. The production of the baryon asymmetry mainly takes place below this temperature.
The baryon asymmetry is directly determined by B meson asymmetry:
where δ B is the number density of baryon asymmetry and Br B→B is the branching ratio for B → B + X.
It is worth noting that the lifetime and oscillation period of B mesons are much shorter than the Hubble time, so the Hubble term and the time derivative term could be ignored. Under this approximation, we can compute the ratio ∆/ρ Φ , which is a function of transition amplitudes and scattering rate:
where φ Γ , φ M is the phase of Γ 12 and M 12 . Under the approximation of cos(φ Γ −φ M ) ≈ 1, ∆/ρ Φ is proportional to A sl . Given reheating temperature of the late decaying particle Φ, the number density of net baryons could be calculated by:
where R(t) is the scale factor of the universe. ∆/ρ Φ is a function of transition amplitudes and scattering rate, and only scattering rate depends on temperature, which is a function of time. Therefore ∆/ρ Φ itself is also a function of time. Here t 0 is the time when hadronization begins and t 1 is some arbitrary time when the universe is dominated by radiation again. The baryon asymmetry would be given by:
where g * s is the effective degree of freedom at present. The baryon asymmetry can be represented as:
where α(T ) and β(T ) are coefficients as a function of reheating temperature T , whose exact values request numerical study.
The baryon asymmetry, with measurement from Cosmic Microwave Background (CMB) [30, 31] and Big Bang Nucleosynthesis (BBN) [32, 33] , is given by :
From FIG.(3) we can conclude that SM predictions of A SL is too small to produce the expected baryon number. Besides,the SM CP violation predicts that the B d makes a negative contribution to baryon number. The fact that the B d contribution is suppressed down to lower temperature means one might hope to produce the correct sign from B s oscillations, however detailed computation shows that the net effect from the SM CP violation is to give the wrong sign for the baryon asymmetry. The scattering rate is greater at higher temperature, which leads to more significant decoherence and suppression of the baryon asymmetry. However, |M12| and |Γ12| are different for B 0 d and B 0 s , which leads to a lower characteristic temperature when decoherence is significant for the B d than the Bs.
We expect A SL to be greater than SM predictions and positive for either the B d , the B s or both, which is a testable feature of our mechanism. However, the exact constraints sensitively depends on the reheating temperature, as shown in FIG. (3) . When reheating temperature is at 10 MeV, the A SL should satisfy: In this work, we've shown B meson oscillations could solve the puzzle of baryogenesis within a simple renormalizable model containing three new particles. This model predicts an exotic baryon number violating B meson decay mode. We also predict new contributions to the charge asymmetry in B meson oscillations. Specifically, we link the sign of the matter asymmetry to a new positive contribution to the semileptonic symmetry in B meson decays. Another prediction is that immediately prior to nucleosynthesis in the early universe, the energy density is dominated by a massive late decaying particle. This may have implications for forming small clumps of dark matter in the early universe.
The baryon asymmetry is proportional to the branching fraction for exotic B meson decays into a baryon and missing energy. These features could be searched at LHCb and Belle-II, as discussed in [6] . The missing energy is carried by a long-lived Majorana fermion χ, which will decay into a baryon or anti-baryon, and could be found in dedicated searches for long-lived particles [10, 11] .
The cosmological constraints for the corresponding reheating temperature is T RH > 4MeV [34] . The thermal history of early universe before BBN is hard to probe. A late decaying φ particle does have some implications for axion miniclusters [7] and substructure formation [35] . It happens that the reheating temperature that is favored by axion minicluster also tends to generate baryon number efficiently with our mechanism. Looking for axion miniclusters may also provide evidence for early matter domination.
We are currently working on the possibility of embedding this model into a R-parity violating supersymmetric model, which provides more motivations and phenomenological implications.
,
where m denotes the mass of Majorana fermion. We've ignored the momentum distributed to u,s quarks because they can be approximated as massless particles. The second Feynman diagram will give us similar results. However, the contribution from the third diagram is negligible. After manipulating those gamma matrices, we will find that it is proportional to m 2 , which is very small compared to m 2 φ . The effective Hamiltonian from the second diagram could be written as: Since the momentum is given by on-shell relation: p 2 = −m 2 b , it is convenient to denote:
The Hamiltonian could be represented as:
Coefficients A, B can be written as:
. Since D i are always positive for the whole range of x, there is no contribution to Γ 12 . The contribution to M 12 is:
(A.10)
The matrix elements are corresponding to the nonperturbative effects, which could be estimated as:
where f B is the decay constant of B mesons, m B is B meson mass and B B is a bag parameter, which is order one. For m = 2GeV, which is the parameter space we are interested in, the result is:
Lattice study can numerically give us the value of decay constant and bag parameter, B B = 0.87, B Bs = 0.9, f B = 0.192GeV, f Bs = 0.228GeV. [36, 37] The ratio to the experimental value of M 12 is:
(A.13) Therefore y b , y d , y s must be much smaller than 1 to agree with experimental results. This will not cause a problem because ∆M 12 is the only observable that is only determined by y d . It is worth noting that the calculations we present here are very much the same with box diagram calculations in a supersymmetry theory [38] , but with very different parameters.
